promotes translation inhibition and cell cycle arrest. PERK function is essential for cell survival following exposure of cells to ER stress, but the mechanisms whereby PERK signaling promotes cell survival are not thoroughly understood. We have identified the Nrf2 transcription factor as a novel PERK substrate. In unstressed cells, Nrf2 is maintained in the cytoplasm via association with Keap1. PERK-dependent phosphorylation triggers dissociation of Nrf2/Keap1 complexes and inhibits reassociation of Nrf2/Keap1 complexes in vitro. Activation of PERK via agents that trigger the unfolded protein response is both necessary and sufficient for dissociation of cytoplasmic Nrf2/Keap1 and subsequent Nrf2 nuclear import. Finally, we demonstrate that cells harboring a targeted deletion of Nrf2 exhibit increased cell death relative to wild-type counterparts following exposure to ER stress. Our data demonstrate that Nrf2 is a critical effector of PERK-mediated cell survival.
Activation of PERK following the accumulation of unfolded proteins in the endoplasmic reticulum (ER)
promotes translation inhibition and cell cycle arrest. PERK function is essential for cell survival following exposure of cells to ER stress, but the mechanisms whereby PERK signaling promotes cell survival are not thoroughly understood. We have identified the Nrf2 transcription factor as a novel PERK substrate. In unstressed cells, Nrf2 is maintained in the cytoplasm via association with Keap1. PERK-dependent phosphorylation triggers dissociation of Nrf2/Keap1 complexes and inhibits reassociation of Nrf2/Keap1 complexes in vitro. Activation of PERK via agents that trigger the unfolded protein response is both necessary and sufficient for dissociation of cytoplasmic Nrf2/Keap1 and subsequent Nrf2 nuclear import. Finally, we demonstrate that cells harboring a targeted deletion of Nrf2 exhibit increased cell death relative to wild-type counterparts following exposure to ER stress. Our data demonstrate that Nrf2 is a critical effector of PERK-mediated cell survival.
Mammalian cells possess a signaling network that senses endoplasmic reticulum (ER) stress and determines cell fate following exposure to stress. The ER signaling network consists of three related transmembrane protein kinases, Ire1␣, Ire1␤, and PERK (31) . Ire1␣ and Ire1␤ are composed of a luminal domain that senses stress, a single membrane-spanning domain, and a cytosolic tail that contains both a serine/threonine kinase domain and an RNase domain (40) . Ire1-dependent signals induce expression of ER chaperones (40) and CHOP (42) , a transcription factor that may participate in the apoptotic program. Activation of PERK, which lacks an RNase domain, following ER stress promotes phosphorylation of the translation initiation factor eukaryotic initiation factor 2␣ (eIF2␣), thereby attenuating translation initiation (15, 22) . PERK is one of at least four eIF2␣ protein kinases that include the heme-regulated kinase (HRI), the interferon-inducible, RNA-dependent protein kinase (PKR), and GCN2 (3, 39) . Among these, only PERK function is required for the cellular response to ER stress (22) .
Activation of PERK via ER stress initiates cell cycle arrest via inhibition of cyclin D1 translation (5) . PERK-dependent signaling is also critical for cell survival following the initiation of an ER stress response. Targeted deletion of PERK dramatically reduces survival of embryonic stem cells following exposure to ER stress-inducing agents (21) . Mice that contain inactivated PERK exhibit severe defects in the exocrine pancreas due to a high rate of secretory cell apoptosis (20, 44) . While the mechanism that underlies PERK-dependent cell cycle arrest is established, the nature of PERK-dependent cell survival is unresolved.
A majority of PERK's biological activities have been attributed to its function as an eIF2␣ kinase. However, the possibility that PERK targets additional downstream substrates that function as cellular effectors has not been addressed. In order to identify novel PERK substrates, we performed a yeast twohybrid screen with the PERK catalytic domain. We describe the identification of the Cap 'n' Collar transcription factor Nrf2 as a PERK substrate. In unstressed cells, Nrf2 is maintained in latent cytoplasmic complexes via association with the cytoskeletal anchor, Keap1. Previous work revealed that oxidative stress triggers dissociation of this complex via an uncharacterized mechanism, thereby allowing Nrf2 nuclear import, where it promotes expression of its downstream target genes (30) . We demonstrate that PERK-dependent phosphorylation is both necessary and sufficient to trigger dissociation of Nrf2/Keap1 complexes and thereby promote Nrf2 nuclear import. Furthermore, Nrf2 nuclear translocation is independent of eIF2␣ phosphorylation. Finally, targeted deletion of Nrf2 reduces cell survival following ER stress. Collectively, these data support a model wherein Nrf2 functions as an effector of PERK cell survival signaling.
MATERIALS AND METHODS
Tissue culture conditions. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), antibiotics, nonessential amino acids, and glutamine (Mediatech, Inc.). Wild-type and Nrf2
Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) were immortalized via a standard 3T9 protocol (41) . Transfections were performed with Lipofectamine Plus reagent (Life Technologies, Inc.). Plasmids. ⌬NPERK was generated from murine PERK cDNA using PCR (primers 5Ј-CCCGGGTCTAGAGAGCGCGCCACCCCGGCCCGG-3Ј and 5Ј-GGGCCCGAATTCTCAGGAGAAGGAGCTTGACTT-3Ј). ⌬NPERKK618A was generated through site-directed PCR mutagenesis (primers 5Ј-CAATTAC GCTATCGCGAGGATCCGGCT-3Ј and 5Ј-AGCCGGATCCTCGCGATAGC GTAATTG-3Ј [mutated residues are underlined]). ⌬NPERK and ⌬NPER KK618A were subcloned into pGEX4T1 and pAS2 (Amersham) vectors using EcoRI sites. Murine Nrf1 and MafG were cloned from a mouse cDNA library (Nrf1, 5Ј-TCTAGAATGGAAATGCAGGCTATG-3Ј and 5Ј-CAGCTGGTATT TGGACAGCAG-3Ј; MafG, 5Ј-GTCCCCCGGGTTATGACGAC-3Ј and 5Ј-GA ATTCGTGTCCCTATGACCGAGCATC-3Ј). Cloned cDNAs were ligated into the pcDNA3 vector (Invitrogen) using EcoRI sites. Myc-Keap1 and His-Keap1 were generated from Keap1 cDNA and cloned into pcDNA3 or pET15b vectors. HA-Nrf2 and GST-Nrf2 were generated from Nrf2 cDNA and cloned into the pCI and pGEX5T2 vectors. The antioxidant response element (ARE) reporter plasmid was generated by cloning four ARE motifs (36) upstream of the TATA sequence in pGL2 (Promega). The mutant ARE reporter contains a minimal initiator sequence upstream of the TATA sequence in pGL2. PERK⌬C and myc-PERK plasmids and viruses were described previously (5) .
Yeast two-hybrid screen. ⌬NPERK(K618A) was cloned into the pAS2(TRP) vector using EcoRI sites, resulting in GAL4-⌬NPERK(K618A). Saccharomyces cerevisiae strain AH109 was transformed with GAL4-⌬NPERK(K618A) and pACT(LEU) plasmids containing cDNAs from MEFs. Double transformants were selected for their ability to grow on medium lacking tryptophan, leucine, and histidine and supplemented with 50 mM 3-amino-1,2,4-triazole. Transformants were further selected for their ability to drive lacZ expression in a GAL4-⌬NPERKK618A-dependent manner. cDNAs from positive transformants were recovered and sequenced.
EMSA. A consensus ARE oligomer (primers 5Ј-CTACGATTTCTGCTTAG TCATTGTCTTCC-3Ј and 5Ј-GGAAGACAATGACTAAGCACAATCGTAG-3Ј) was end labeled with [␥-32 P]ATP and incubated with 10 g of cell extract (lysed in 50 mM Tris, 250 mM NaCl, 5 mM EDTA, 0.1% Triton, and 4 mM dithiothreitol [DTT]) for 30 min at room temperature in a reaction mixture containing 20 mM HEPES (pH 8.0), 1 mM EDTA, 20 mM KCl, 4 mM MgCl 2 , 4% glycerol, 2 g of poly(dI-dC), and 5 mM DTT. Where indicated, proteins were first preincubated for 1 h at 4°C in the presence of antibodies. To achieve maximum resolution of in vivo-derived protein-DNA adducts, native gels were run at low voltage for 4 h with the free probe routinely running off the gel. For in vitro reactions, recombinant Nrf2 (0.5 g) and in vitro-transcribed and -translated MafG (Promega) were combined in electrophoretic mobility shift assay (EMSA) reaction mixtures as described above.
Immunofluorescence. Cells proliferating on glass coverslips were transfected and treated as indicated. Cells were fixed in 3% paraformaldehyde and permeabilized in 0.1% Triton in phosphate-buffered saline (PBS). The hemagglutinin (HA) epitope was detected with either the 12CA5 or the 3F10 monoclonal antibody. The myc epitope was detected with either the 9E10 or the Jac6 monoclonal antibody. Calreticulin was detected using a polyclonal anticalreticulin antibody (Stressgen). Cells were stained with either fluorescein isothiocyanate (FITC)-conjugated or biotinylated immunoglobulin G and Texas Red-streptavidin (Vector). DNA was detected with Hoechst 33258 dye (Sigma). Cells were visualized using a Nikon microscope fitted with appropriate filters or a Bio-Rad confocal imaging system.
Reporter assays. NIH 3T3 cells transfected with the indicated plasmids were left untreated or treated with 5 g of tunicamycin/ml or 100 M tert-butylhydroquinone (tBHQ) for the indicated intervals. Luciferase assays were carried out according to the manufacturer's instructions (Dual Luciferase Reporter assay system; Promega) with a luminometer (PE Applied Biosystems). Firefly luciferase activity was normalized against Renilla luciferase activity from the same lysates.
Cellular fractionation, immunoblotting, and Northern blot analysis. Wildtype, PERK Ϫ/Ϫ , and eIF2␣(S51A) MEFs were treated with 5 g of tunicamycin/ml for the indicated time intervals. Nuclei were collected in buffer A (10 mM HEPES [pH 8.0], 10 mM KCl, 1.5 mM MgCl 2 , 0.1 mM EDTA, 0.1 mM EGTA, 0.1% IGEPAL) and buffer C (420 mM NaCl, 1.5 mM MgCl 2 , 1.0 mM EDTA, 1.0 mM EGTA, 20% glycerol) and stored in buffer D (20 mM HEPES [pH 8.0], 50 mM KCl, 0.2 mM EDTA, 0.2 mM EGTA, 20% glycerol). All buffers were supplemented with 0.1 mM phenylmethylsulfonyl fluoride, 1 g of aprotinin/ml, 1 g of leupeptin/ml, 1 g of pepstatin/ml, and 25 mM ␤-glycerol phosphate. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes (Osmonics), and blotted with an anti-Nrf2 polyclonal antibody (Santa Cruz). For detection of eIF2␣, cells were lysed in EBC buffer, proteins were resolved by SDS-PAGE and transferred to a nitrocellulose membrane (Osmonics), and total and phosphorylated eIF2␣ was detected by immunoblotting (Cell Signaling). RNA was extracted using TRIzol reagent (Life Technologies, Inc.). RNA immobilized on nylon membranes (Osmonics) was hybridized with 32 P-labeled probes specific for either luciferase, ␥-glutamylcysteine synthetase ligase (GCLC), or ␥-actin (5). Signals were detected by phosphorimaging.
Protein kinase assays, metabolic labeling, and immunoprecipitation. Affinitypurified recombinant GST-⌬NPERK was used as the kinase, and equivalent amounts of affinity-purified GST-Nrf2, glutathione S-transferase (GST), and His-eIF2␣ were used as substrates in the in vitro kinase assays. ⌬NPERK was preincubated with kinase buffer (50 mM HEPES [pH 8.0], 10 mM MgCl 2 , 2.5 mM EGTA, 20 M ATP) at 30°C for 1 h prior to addition of substrates in order to reduce incorporation of radioactive phosphate into PERK itself due to its propensity to autophosphorylate (22) . Kinase reactions were initiated following addition of substrates by the addition of 10 Ci of [␥-
32 P]ATP and placement at 30°C for 30 min. Reactions were terminated by the addition of sample buffer containing SDS and incubation at 100°C for 3 min. Proteins were resolved by SDS-PAGE and visualized by autoradiography. To obtain PERK produced in mammalian cells, NIH 3T3 cells infected with retrovirus encoding PERK were lysed in radioimmunoprecipitation assay buffer (150 mM NaCl, 10 mM sodium phosphate, 2 mM EDTA, 1% NP-40, 0.1% SDS, 1% deoxycholic acid,) and immunoprecipitated with anti-PERK antiserum. Proteins were mixed with the indicated recombinant substrates in kinase reactions as described above. For metabolic labeling, NIH 3T3 cells were cultured for 1 h in phosphate-free DMEM supplemented with 0.1% dialyzed FCS and then labeled with 1 mCi of [ 32 P]orthophosphate (ICN) and in the presence of 5 g of tunicamycin/ml. Cells were lysed in NP-40 lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid). HA-Nrf2 was precipitated from cell lysates with the 12CA5 antibody and visualized by autoradiography.
In vitro binding assays. Nrf2, in vitro transcribed and translated (Promega) in the presence of [ 35 S]methionine (ICN), was mixed with purified His-Keap1 or His-eIF2␣ immobilized on Talon beads in binding buffer (20 mM Tris, 150 mM NaCl, 0.5% IGEPAL) for 2 h at 4°C. After washes with buffer, Nrf2-containing complexes were incubated with ⌬NPERK or ⌬NPERKK618A in the absence or presence of 500 M ATP at 30°C for the indicated intervals in kinase buffer lacking EGTA.
Annexin V staining and clonogenic survival assays. Cells proliferating on glass coverslips were left untreated or were treated with 5 g of tunicamycin/ml, 4 M staurosporine, or tumor necrosis factor alpha (TNF-␣; 5 ng/ml) plus cycloheximide (10 g/ml) for the indicated intervals. Cells were then washed with PBS and stained with a FITC-conjugated annexin V antibody and propidium iodide (Pharmingen) and examined by fluorescence and light microscopy. Annexin V-positive cells are expressed as the percentage of total cells. For colony outgrowth, cells were plated at 2 ϫ 10 4 /60-mm dish, and 24 h later cells were left untreated or treated with 1 g of tunicamycin/ml for 8 h. Following treatment, cells were washed with PBS, refed with complete medium, and allowed to grow for 7 days.
RESULTS

Activation of the Nrf2 transcription factor and Nrf2 target genes by the UPR.
To identify novel PERK substrates, we performed a yeast two-hybrid screen with the catalytic domain of murine PERK. Sequence analysis of these clones revealed three overlapping cDNAs predicted to encode the C-terminal 219 amino acids of the Nrf1 transcription factor. Nrf1 belongs to the Cap 'n' Collar family of transcription factors (9), which includes NF-E2 (1) and Nrf2 (34). Nrf1 and -2 are homologous within their C-terminal DNA-binding domains, but they are divergent at their N-terminal transactivation domains (25) . We confirmed that PERK could bind directly to both Nrf1 and Nrf2 in an in vitro binding assay (data not shown). To determine the likely PERK target, we evaluated the capacity of the unfolded protein response (UPR)-inducing agent, tunicamycin (Fig. 1A) , an inhibitor of N-linked glycosylation, or phorbol myristate acetate (PMA) (100 nM), a phorbol ester, to induce Nrf1 or Nrf2 DNA-binding activity. Extracts prepared from VOL. 23, 2003 ACTIVATION OF Nrf2 BY THE UPR 7199 cells left untreated or treated for the indicated intervals were evaluated by EMSA reactions using a 32 P-labeled oligonucleotide containing a single ARE (36) . Increased DNA-binding activity was detected in extracts from both PMA-and tunicamycin-treated cells by 30 min (Fig. 1A , lanes 3 and 4 and lanes 5 and 6, respectively). Similar results were observed upon thapsigargin treatment (data not shown), which induces ER stress via perturbations in calcium homeostasis. To identify the Nrf family member that bound to DNA, extracts were preincubated with antibodies specific for individual Nrf proteins. An antibody specific for Nrf2, but not for Nrf1, abolished the formation of the shifted complex (compare lanes 8 and 9), indicating that Nrf2, but not Nrf1, is a required component of the tunicamycin-induced DNA-binding complex. Neither Nrf1 nor Nrf2 bound to an oligonucleotide containing a mutant ARE (negative data not shown).
To evaluate whether tunicamycin elevates Nrf2-dependent gene expression, NIH 3T3 cells were cotransfected with a firefly luciferase plasmid containing four ARE sequences (4xARE) and a cytomegalovirus-directed Renilla luciferase plasmid as an internal control. Treatment with tunicamycin resulted in a reproducible induction of luciferase activity ( (Fig. 1C) . We noted a decrease in luciferase message by 120 min. This decrease likely reflects the relative instability of the luciferase message compounded by the transient nature of Nrf2 activation following ER stress (see Fig. 3 and 4, below).
FIG. 1. Nrf2
, and not Nrf1, is activated by ER stress. (A) Whole-cell extracts prepared from NIH 3T3 cells treated with PMA (lanes 3 and 4) or tunicamycin (tun) (1 g/ml) (lanes 5 and 6) were mixed with a radiolabeled oligonucleotide containing a consensus ARE in an EMSA reaction. In lanes 7 to 9, tunicamycin-treated (60 min) whole-cell extracts were exposed to antibodies against Nrf1 (lane 9) or Nrf2 (lane 8) in the EMSA reactions. (B) NIH 3T3 cells were cotransfected with plasmids encoding the 4xARE reporter or a reporter lacking an ARE (mut) along with the cytomegalovirus-Renilla control (internal normalization control) with or without PERK⌬C. Cells were treated with 5 g of tunicamycin/ml or 100 M tBHQ for the indicated time intervals (in hours), harvested, and assayed for luciferase and Renilla activities. Luciferase activity is shown as the ratio of reporter activity to Renilla luciferase activity; activity in untreated cells was set as 1. Error bars represent the standard deviation from three independent experiments. (C) NIH 3T3 cells were transfected with the 4xARE reporter and treated with tunicamycin (5 g/ml) for the indicated intervals. RNA was extracted, and expression of luciferase was assessed by Northern blot analysis. (D) Wild-type (lanes 1 to 4) and Nrf2 Ϫ/Ϫ (lanes 5 to 8) fibroblasts were treated with thapsigargin (1 M) for the indicated intervals. RNA was extracted, and expression of GCLC and ␥-actin was determined by Northern blot analysis.
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To determine if UPR-dependent induction of the ARE reporter required PERK activity, we measured expression of the ARE reporter in NIH 3T3 cells cotransfected with a dominantnegative PERK (PERK⌬C) (5) . While the cotransfection of PERK⌬C did not influence basal luciferase gene expression (Fig. 1B, bar 4) , cotransfection of PERK⌬C eliminated tunicamycin-dependent induction of 4xARE-luciferase (bar 5).
We next assessed the capacity of ER stress-inducing agents to induce expression of an endogenous Nrf2 target gene. For this experiment, we utilized fibroblasts prepared from either wild-type or Nrf2-null mouse embryos. Wild-type and Nrf2 Ϫ/Ϫ MEFs were challenged with thapsigargin, total RNA was collected, and expression of the Nrf2 target gene, GCLC (7), was assessed. Thapsigargin treatment resulted in a rapid increase in GCLC mRNA in wild-type (Fig. 1D, lanes 1 to 4) but not in Nrf2 Ϫ/Ϫ (lanes 5 to 8) MEFs. Induction of GCLC was also noted in MEFs containing a homozygous knock-in of a nonphosphorylatable allele of eIF2␣, eIF2␣(S51A) (data not shown) (37) . These data demonstrate that induction of the UPR triggers the activation of Nrf2 and Nrf2-dependent gene expression and suggest that PERK function is essential for Nrf2 activation.
Nrf2 is a PERK substrate. To evaluate the possibility that Nrf2 is a PERK substrate, we produced an N-terminally truncated PERK kinase, ⌬NPERK. ⌬NPERK purified from bacteria was mixed with equivalent amounts of GST, His-eIF2␣, or GST-Nrf2 ( Fig. 2A, lanes 4 to 6) in the presence of [␥-32 P]ATP. PERK phosphorylated His-eIF2␣ and GST-Nrf2 ( Fig. 2A, lanes 2 and 3) but not GST (lane 1). We also assessed whether PERK expressed in mammalian cells could phosphorylate Nrf2. PERK was precipitated from cell lysates prepared from NIH 3T3 cells transduced with a retrovirus encoding PERK (38) ; overexpression of PERK results in its activation via enforced oligomerization in the absence of cell stress (4, 22) . PERK precipitates phosphorylated both GST-Nrf2 and His-eIF2␣, but not GST (Fig. 2B) . As a specificity control, we also evaluated the ability of Ire1␤ precipitated from infected NIH 3T3 cells to phosphorylate GST-Nrf2 or GST. In contrast to PERK, Ire1␤ failed to phosphorylate either GST or Nrf2 (Fig. 2B, lanes 1 and 2) . Expression of both PERK and Ire1 was confirmed in parallel by immunoblotting (data not shown). This control illustrates two important points. First, Nrf2 is not a general substrate of all the known ER protein kinases, and second, our precipitates do not contain significant quantities of contaminating protein kinases that nonspecifically phosphorylate Nrf2. These data demonstrate that Nrf2 is a direct PERK substrate. We next determined if Nrf2 is phosphorylated in vivo following induction of an ER stress response. NIH 3T3 cells cotransfected with plasmids encoding Nrf2 engineered to express an amino-terminal HA epitope tag (HA-Nrf2) and Keap1 were cultured in medium containing [ 32 P]orthophosphate and subsequently challenged with tunicamycin for the indicated intervals (Fig. 2C ). Lysates were prepared and subjected to precipitation with the 12CA5 monoclonal antibody. Nrf2 phosphorylation was evident by 10 min of tunicamycin treatment (lane 3) and reached peak levels by 30 min (lane 5), indicating that Nrf2 is rapidly phosphorylated in response to ER stress conditions. Similar results were observed in cells challenged with tBHQ (data not shown) (28) . No phosphorylation was detected in mock-transfected cells (lane 7) or in control precipitates (lane 1). Additionally, Nrf2 phosphorylation was eliminated in cells that had been transfected with a plasmid encoding PERK⌬C (negative data not shown), implicating PERK as the Nrf2 kinase in intact cells. The rapid phosphorylation of Nrf2 led us to compare the kinetics of Nrf2 phosphorylation with that of eIF2␣, a known in vivo substrate of PERK. NIH 3T3 cells were treated with tunicamycin for the indicated intervals, and eIF2␣ phosphorylation was assessed by immunoblotting using an eIF2␣ phospho-specific antibody. Increased eIF2␣ phosphorylation was detectable by 10 to 20 min (Fig. 2D, lanes 2 and 3) and was maximal at 60 min (lane 4). These data demonstrate that Nrf2 is phosphorylated during an ER stress response in a PERK-dependent fashion, with kinetics that are temporally similar to that of the other known PERK substrate, eIF2␣.
ER stress triggers PERK-dependent Nrf2 nuclear import. Under homeostatic conditions, Nrf2 is maintained in inactive cytoplasmic complexes by Keap1 (30) . Dissociation of Nrf2/ Keap1 complexes and subsequent Nrf2 nuclear import can be achieved by treatment of cells with electrophiles such as tBHQ (28) . While the mechanism underlying activation of Nrf2 remains unclear, models invoking oxidation of redox-sensitive cysteines within Keap1 (13, 14, 24) or phosphorylation of Nrf2 (28, 43, 45) have been proposed. Given the capacity of ER stress to induce both Nrf2 DNA-binding activity and Nrf2-dependent gene expression, we reasoned that ER stress must also induce Nrf2 nuclear translocation. To assess regulated nuclear entry of Nrf2, NIH 3T3 cells were cotransfected with plasmids encoding HA-Nrf2 and Keap1 engineered with an N-terminal myc epitope (myc-Keap1). Cells expressing HANrf2 and myc-Keap1 were left untreated or treated with tunicamycin for various intervals, and Nrf2 localization was visualized using epitope-specific antibodies followed by confocal microscopy. In the absence of stimulus, Nrf2 was cytoplasmic (Fig. 3A, panel a, B, panel a, and C) ; by 30 min of tunicamycin treatment, HA-Nrf2 was primarily nuclear (Fig. 3A, panel d, B , panel d, and C). In contrast, myc-Keap1 remained cytoplasmic at all intervals (Fig. 3A, panels b , e, h, and k). While nuclear Nrf2 staining remained evident at 2 h (Fig. 3A, panel g, B , panel g, and C), by 6 h Nrf2 increasingly relocalized to the cytoplasm (Fig. 3A, panel j, B, panel j, and C) . Similar results were observed following treatment with other known inducers of ER stress, including thapsigargin (data not shown). Transient nuclear accumulation of endogenous Nrf2 was also observed following ER stress as determined by subcellular fractionation (Fig. 3E) . Loss of endogenous Nrf2 nuclear localization was evident by 2 h, suggesting that overexpression may result in some attenuation of Nrf2 downregulation.
Because the UPR is known to elicit oxidative stress (18, 31), a known inducer of Nrf2 nuclear translocation, we assessed whether tunicamycin-dependent activation of Nrf2 was directed by a burst of reactive oxygen species (ROS) generated as a consequence of ER stress. NIH 3T3 cells transfected with plasmids encoding both HA-Nrf2 and myc-Keap1 were pretreated with the ROS scavenger N-acetylcysteine (5 mM) prior to treatment with tunicamycin. While this dose was sufficient to reduce levels of tunicamycin-induced oxidative stress by over 80%, as measured by dichlorodihydrofluorescein diacetate fluorescence (data not shown), tunicamycin still induced the nuclear accumulation of Nrf2 (Fig. 3D) . These results suggest that Nrf2 nuclear transport is unlikely to result from the generation of ROS following ER stress.
The capacity of ER stress to induce Nrf2 nuclear import is consistent with the notion that a subset of cytoplasmic Nrf2 complexes must be in the proximity of the ER. We thus determined whether HA-Nrf2 colocalized with calreticulin, an ER resident protein, in either untreated or tunicamycin-treated cells. As anticipated, in unstimulated cells HA-Nrf2 colocalized with endogenous, ER-localized calreticulin (Fig. 3B, panel  c) ; however, treatment of cells with tunicamycin resulted in HA-Nrf2 nuclear import and a loss of HA-Nrf2-calreticulin colocalization (Fig. 3B, panels f and i) . In addition, myc-Keap1 colocalized with calreticulin in the absence or presence of ER stress (data not shown).
The above data suggest that ER stress triggers Nrf2-Keap1 dissociation and Nrf2 nuclear import, but they do not address whether PERK activity is required for this action. To assess the role of PERK in Nrf2 nuclear import, we cotransfected NIH 3T3 cells with plasmids encoding HA-Nrf2 and Keap1 with or without PERK. Cexpression of wild-type PERK efficiently promoted Nrf2 nuclear localization in the absence of a stressinducing agent (Fig. 4A, panel d, and B) , demonstrating that PERK activity is sufficient for Nrf2 nuclear import. To assess whether PERK is required for Nrf2 nuclear import following ER stress, we examined Nrf2 localization in fibroblasts derived from PERK null embryos (PERK Ϫ/Ϫ ). PERK Ϫ/Ϫ fibroblasts or fibroblasts derived from wild-type littermates (PERK ϩ/ϩ ) were cotransfected with plasmids encoding HA-Nrf2 and mycKeap1. In PERK Ϫ/Ϫ cells, Nrf2 remained cytoplasmic in the absence or presence of tunicamycin (Fig. 4C , panels aЈ, dЈ, and gЈ, and D), where it colocalized with Keap1 (Fig. 4C , panels cЈ, fЈ, and iЈ). In contrast, in wild-type cells that express endogenous PERK, tunicamycin triggered Nrf2 nuclear localization (Fig. 4C, compare panels a and d) .
To determine whether Nrf2 nuclear translocation was an indirect consequence of PERK-dependent eIF2␣ phosphorylation, we assessed Nrf2 localization in MEFs containing a homozygous knock-in of a nonphosphorylatable eIF2␣ allele, eIF2␣(S51A) (37) . Fibroblasts derived from either wild-type or eIF2␣(S51A) embryos were transfected with vectors encoding HA-Nrf2 or myc-Keap1. Treatment of both wild-type and eIF2␣(S51A) cells resulted in Nrf2 nuclear accumulation ( Fig.  5A and B) . 7202 CULLINAN ET AL. MOL. CELL. BIOL.
We also assessed ER stress-dependent nuclear accumulation of endogenous Nrf2. Nuclear extracts were prepared from wild-type, PERK Ϫ/Ϫ , and eIF2␣(S51A) MEFs treated with tunicamycin for the indicated intervals and assessed for the presence of Nrf2 via Western blotting. Following tunicamycin treatment, Nrf2 translocated to the nucleus in both wild-type and eIF2␣(S51A) MEFs; however, no accumulation of Nrf2 was observed in PERK Ϫ/Ϫ MEFs (Fig. 5C) . Efficacy of the fractionation was confirmed by immunoblotting for ␤-tubulin (cytosolic) and CREB (nuclear) (data not shown). These data strongly support a model wherein nuclear accumulation of Nrf2 following ER stress is a direct consequence of PERK activation. We did note that the rate of Nrf2 nuclear accumulation was more gradual in the eIF2␣(S51A) MEFs. The reason for this is unclear, given that we detected similar kinetics of nuclear Nrf2 entry by immunofluorescence. The important point is that Nrf2 nuclear entry occurs in a PERK-dependent and eIF2␣-independent fashion.
Phosphorylation of Nrf2 promotes its dissociation from Keap1. The capacity of tunicamycin to induce PERK-depen- (Fig. 6A, lane 3) but not the negative control, His-eIF2␣ (lane 2). After binding and extensive washing, the Nrf2/Keap1 complexes were divided equally into aliquots and incubated in the absence of ⌬NPERK (Fig. 6B, lane 3) , with ⌬NPERK but without ATP (lanes 5 and 7), with ⌬NPERK and unlabeled ATP (500 M) (lanes 6 and 8), or with the catalytically inactive ⌬NPERK K618A (22) but with ATP (500 M) (lane 4) for the indicated times at 30°C. Nrf2/Keap1 complexes were then washed extensively, and the presence of Keap1-associated Nrf2 was determined by SDS-PAGE and visualized by autoradiography. Phosphorylation of Nrf2/Keap1 complexes by PERK led to a time-dependent decrease in Keap1-associated Nrf2 (compare lanes 3 and 6). By 30 min in the presence of the PERK catalytic domain, Nrf2/Keap1 binding was equal to that of the negative control (compare lanes 2 and 8) ; however, incubation of Nrf2/Keap1 complexes with PERK(K618A) for 30 min had no effect on Nrf2/Keap1 association (compare lanes 3 and 4) . The inability of PERK(K618A) to dissociate Nrf2/Keap1 complexes illustrates two important points. First, PERK catalytic activity is essential for Nrf2/Keap1 dissociation rather than simple physical association, as both wild-type PERK and PERK(K618A) can associate with Nrf2 (data not shown). Second, addition of ATP is not sufficient to trigger dissociation in the absence of catalytically active PERK. These data demonstrate that PERK-dependent phosphorylation is sufficient to trigger Nrf2/Keap1 dissociation. Having shown that PERK-dependent phosphorylation triggers dissociation of Nrf2/Keap1 complexes, we asked whether PERK phosphorylation of Nrf2 would inhibit reassociation of Nrf2/Keap1 complexes. In vitro-transcribed and -translated lanes 2 and 3) . These results demonstrate that not only does PERK-dependent phosphorylation promote Nrf2/Keap1 dissociation, but also that once phosphorylated by PERK, Nrf2 cannot stably associate with Keap1. These data demonstrate that PERKdependent phosphorylation triggers Nrf2/Keap1 dissociation and prevents reassociation.
To determine whether phosphorylation affects Nrf2 DNAbinding activity, purified recombinant Nrf2 that had been phosphorylated with purified recombinant ⌬NPERK, or left unphosphorylated, was mixed with in vitro-transcribed and -translated MafG. The DNA-binding activity of these complexes was then assessed in an EMSA. Monomeric Nrf2, whether phosphorylated or unphosphorylated, exhibited no detectable DNA-binding activity (Fig. 6D, lanes 2 and 3) . However, when mixed with a heterodimeric DNA-binding partner, MafG, both forms of Nrf2 exhibited indistinguishable DNAbinding activity (lanes 5 and 6).
Nrf2 expression increases cell survival following ER stress. Chronic ER stress triggers apoptosis (6, 8, 31) . Nrf2 activation plays a role in cell survival following oxidative stress (7, 26) . To directly assess the role of Nrf2 in survival following activation of the UPR, wild-type and Nrf2 Ϫ/Ϫ MEFs plated at a low density were challenged with tunicamycin for 8 h and subsequently fed with complete medium lacking tunicamycin. The cells were allowed to recover for 7 days, at which point surviving cells were visualized with Giemsa stain. The expression of Nrf2 greatly enhanced the ability of cells to survive following ER stress (Fig. 7A) . Similarly, Nrf2 overexpression increased cell survival in tunicamycin-treated NIH 3T3 cells (data not shown).
To further assess the ability of Nrf2 to provide a protective advantage to cells during ER stress, we assayed for early signs of commitment to apoptosis in wild-type and Nrf2
Ϫ/Ϫ MEFs. Cells were treated with tunicamycin for the indicated intervals (Fig. 7B ) and then stained with annexin V. A sixfold increase in annexin V staining observed in Nrf2 Ϫ/Ϫ MEFs, relative to that in the wild type, was detectable by 4 h of tunicamycin treatment (Fig. 7B) , and levels of annexin V-positive cells increased through 8 h of treatment. To rule out the possibility that the increased rate of death is due to a generalized sensitivity of Nrf2 Ϫ/Ϫ MEFs to all death stimuli, we treated both wild-type and Nrf2
Ϫ/Ϫ MEFs with non-ER stress-inducing death stimuli: staurosporine (Fig. 7C ) and TNF-␣ (Fig. 7D) . Nrf2 Ϫ/Ϫ MEFs were no more susceptible to these death stimuli than wild-type MEFs. The fact that eIF2␣ phosphorylation is induced by tunicamycin treatment in Nrf2 Ϫ/Ϫ MEFs (Fig. 7E ) demonstrates that the increased sensitivity of Nrf2 Ϫ/Ϫ MEFs does not reflect compromised eIF2␣ phosphorylation. These results provide support for a model wherein Nrf2 plays a prosurvival role during the UPR.
DISCUSSION
Identification of Nrf2 as a PERK substrate. The ER-localized PERK kinase regulates cell fate decisions following cellular insults that perturb ER homeostasis. Upon exposure to ER stress-inducing agents, activated PERK phosphorylates its only documented substrate, eIF2␣ (22, 38) . PERK function is crucial for cell survival following exposure of cells to ER stress (21) . While translational regulation is clearly a critical component of PERK-mediated signaling (21) , it is also reasonable to consider that PERK signals contribute directly to the expression of prosurvival genes. We performed a yeast two-hybrid screen with the goal of identifying novel PERK substrates that contribute to cell survival during an ER stress response. We have identified the prosurvival transcription factor Nrf2 as a novel PERK substrate. PERK directly phosphorylates Nrf2, thereby identifying Nrf2 as only the second known substrate for PERK. Preliminary data have failed to reveal PERK-dependent phosphorylation of other Nrf family members. Our experiments reveal a role for this phosphorylation in the dissolution of latent, cytoplasmic Nrf2 complexes, ultimately facilitating Nrf2 nuclear import and induction of Nrf2-dependent gene expression.
Under homeostatic conditions, Nrf2 is sequestered in a cytoplasmic complex through its interaction with the actin-binding protein Keap1 (30) . Induction of oxidative stress triggers Nrf2 nuclear import and activation, presumably due to its capacity to enforce Nrf2/Keap1 dissociation (28) . Our results demonstrate that PERK signaling from the stressed ER also promotes Nrf2 nuclear import. The UPR triggers Nrf2 nuclear import while Keap1 remains cytoplasmic, demonstrating that the UPR promotes the dissolution of Nrf2/Keap1 complexes. Indeed, PERK activity triggers dissociation of Nrf2 from Keap1 in vitro.
Previous models for the regulation of Nrf2/Keap1 dissociation have focused on the possibility that ROS promote complex dissociation (46) . While it is possible that under certain conditions ROS could act directly on Nrf2 or Keap1, our data reveal that PERK phosphorylation of Nrf2 is sufficient for (19) , indicating that during the UPR, ATF4 synthesis is PERK dependent. While PERK signaling is necessary for ATF4 translation, an intermediate signaling step, eIF2␣ phosphorylation, is also required (21, 37) . In contrast, our data demonstrate that Nrf2 is an immediate PERK substrate and its activation is independent of eIF2␣ phosphorylation. Consistent with this idea, we found that stress-dependent Nrf2 nuclear import was lost in PERK Ϫ/Ϫ cells; furthermore, dominant-negative PERK molecules blocked the nuclear import (data not shown) and transcriptional activation of Nrf2, indicating that PERK activity is required for Nrf2 activation. Unlike ATF4, Nrf2 is synthesized in unstressed cells, but is maintained in latent cytoplasmic complexes, by virtue of its interaction with Keap1 (30) . PERK signals Nrf2 directly, resulting in a rapid response to ER stress. As illustrated in Fig. 8 , our data demonstrate that following PERK activation signals bifurcate, resulting in the regulation of cell survival via two distinct pathways. The first involves the translation-dependent accumulation of ATF4, and the second is mediated by PERK-dependent phosphorylation of inactive Nrf2.
PERK, Nrf2, and cell survival signaling. While most experiments have utilized cell culture systems to evaluate the consequences of increased ER stress, cells in the context of the whole organism are also vulnerable to perturbations in ER homeostasis. Indeed, PERK Ϫ/Ϫ mice exhibit massive levels of apoptosis of pancreatic beta cells, leading to the development of diabetes (20, 44) . Mice homozygous for a mutant, nonphosphorylatable eIF2␣ (S51A) also display a beta cell deficiency and die soon after birth (37) , indicating the importance of translational control during the UPR. These results suggest an important role for PERK signaling in cell survival following ER stress.
Our results demonstrate that Nrf2 activation regulates cell survival following UPR activation. The absence of Nrf2 increased apoptosis following ER stress, but not in response to Ϫ/Ϫ MEFs were treated with 5 g of tunicamycin/ml for the indicated intervals. Proteins were resolved by SDS-PAGE, and membranes were probed with antibodies specific for total and phosphorylated eIF2␣.
VOL. 23, 2003 ACTIVATION OF Nrf2 BY THE UPR 7207 treatment with other death stimuli. Nrf2-dependent protection from UPR-induced cell death likely results from its function as a regulator of genes encoding phase II detoxifying enzymes (7, 26) . Nrf2 is required for inducible expression of phase II detoxifying enzymes following cellular stress (10) . As the UPR induces oxidative stress due to accumulation of ROS (23, 33) , it is likely that Nrf2-dependent induction of phase II detoxifying enzyme expression will contribute to survival during the UPR response. Consistent with this notion is the recent demonstration that cells containing a targeted deletion of ATF4, a heterodimeric partner for Nrf2, accumulate high levels of ROS resulting in increased cell death (23) . Taken together, the available data suggest a model wherein under conditions of ER stress, PERK senses the accumulation of unfolded proteins in the ER and phosphorylates both Nrf2 and eIF2␣ (2, 22) . While protein translation is globally inhibited (11), translation increases for selected proteins, including ATF4 (19) and ER resident chaperones, which facilitate proper protein folding (16, 32) . Nrf2 phosphorylation promotes dissolution of Nrf2/Keap1 complexes and triggers Nrf2 nuclear import. Once in the nucleus, Nrf2 heterodimerizes with small Maf proteins (12, 17, 29, 35) or ATF4 (27) to regulate a program of gene expression. This regulation likely includes the induction of phase II detoxifying enzymes, whose actions maintain cellular redox homeostasis (7, 26) , and may also include repression of genes that promote apoptosis.
